Hydrocarbon isomers, present in crude petroleum, may yield similar gas chromatography (GC) retention times and indistinguishable mass spectral patterns. Hence, conventional GC-mass spectrometry (MS) may not provide sufficient data for identification of hydrocarbon isomers. Real-time proton affinity or gas-phase basicity "bracketing" provides an additional dimension to GC-MS analyses. Our GC-fourier transform (FT)-ion cyclotron resonance (ICR)-MS yielded an average mass measurement error of less than 3 ppm for components of a retail gasoline sample. The combined use of concurrent thermo-chemical measurements with GC-FT-ICR-MS data analysis allowed differentiation of various isomers such as C 8 H
Introduction
Historically, the need for characterization of complex hydrocarbon systems has contributed to enormous technological advances and integration of analytical approaches (1) (2) (3) . For example, crude oil is a complex mixture of several thousand compounds and the need for its complete characterization is the driving force behind the emerging field of petroleomics (4) . Components present in a petroleum mixture include hydrocarbons (from simple alkanes to complex aliphatic components) and a number of low concentration polar compounds (such as thiophenoaromatics and sulfides and NSO-containing compounds) (5, 6) . The composition of crude oil from different sources can be different and hence complete characterization of these samples can lead to source identification; such endeavors are often desirable in forensic and environmental sciences. For instance, even refined gasoline products of different brands can be slightly different from each other and thus "fingerprinting" crude oil or refined petroleum products is very important for suspected arson case investigations (7) (8) (9) (10) (11) . Advances in analytical methodologies also play significant roles in identifying environmental contaminants in air, water, and soil as well as developing remediation processes (12) and regulatory procedures (13) .
A significant amount of research has been devoted to fingerprinting crude oil and petroleum products for the protection of the environment and forensic criminal investigations (4, 6, 11, (14) (15) (16) . Techniques such as gas chromatography-flame ionization detector (GC-FID) and two dimensional GC×GC are widely used for characterizing components in oil samples from different locations or sources. Interpretation of the results from these methods relies on comparisons and contrasts between retention time tables for standard chemicals. GC retention times depend on various experimental parameters such as GC temperature or pressure programming, GC column type, and head pressure; changing these experimental variables often yields test specific results. Therefore, it is not suitable to use retention times (or retention indices) alone to identify unknown molecules or confirm their identity at a high level of confidence.
The use of additional molecular characteristics such as PAs or GBs can improve the success rate for unknown analyses. Often, environmental samples require high analytical sensitivity and preclude the use of conventional and powerful analytical techniques such as nuclear magnetic resonance (17, 18) . However, modern mass spectrometry techniques such as time of flight (19) , LC-ESI-FT-ion cyclotron resonance ICR (20) , and GC-FT-ICR (8, 21) offer high sensitivity. Although conventional two-dimensional GC experiments are quite useful to handle complex mixtures and separate various components, data can not be used to establish unknown identities. For example, GC retention times can vary depending on the experimental parameters employed. However, true values of thermochemical properties, such as the proton affinity, are independent of the experimental procedures employed and can provide invaluable data for unknown determinations. Ion-molecule reactions offer an excellent opportunity to measure thermochemical data such as PAs. For instance, PAs of GC eluted compounds can be determined in FT-ICR experiments and these experimental values can be compared with the available data (22) or theoretically predicted values for highly competent unknown identification. Therefore, in addition to the mass measurement accuracy, FT-ICR offers supplementary multidimensional advantages such as thermochemical measurements by ion-molecule reactions.
The combination of GC (for analyte separation) with MS (as the detector) is a powerful tool that has been applied to various scientific fields and is an integral part of environmental analysis (14, (23) (24) (25) . The use of a mass spectrometer as a detector is attractive because it can provide molecular weight and structural information (e.g., mass spectral fragmentation patterns). A conventional EI-GC-MS experiment yields information about the analytes' retention times (RT) and m/z values; however, this information alone (i.e., RT and mass spectral data) may not be sufficient to assign identities of unknown molecules. For example, the fragmentation pattern and mass spectral database libraries that are used for unknown identification may not exist for a true "unknown" (24) , and therefore other types of information are needed for reliable molecular identification. In this respect, FT-ICR-MS offers unique advantages such as high mass measurement accuracy (MMA < 5 ppm), high mass resolving power (MRP or m/∆m 50% > 100,000), and an ability to carry out ion-molecule reactions that improve analytical resolution for molecular identification. Although achievable MMA with FT-ICR-MS is sufficient to determine elemental compositions (8, (26) (27) (28) , it is an analytical challenge to distinguish isomers by using GC mass spectral data alone. Often molecular isomers coelute from the GC column, and their mass spectral pattern can be indistinguishable. Several studies have focused on employing ion-molecule reactions to analyze complex mixtures such as gasoline (29) (30) (31) . For example, gas phase ion-molecule reactions can aid to locate double bond positions in alkenes (29, 30, 32, 33) . Furthermore, Roussis and Fedora employed acetone and acetone-d 6 as chemical ionization (CI) reagents to differentiate isomers of alkenes and cycloalkanes in complex petroleum samples (31) . It is our desire to utilize the unique advantages of the FT-ICR-MS and introduce additional analyses dimensions to conventional GC-MS. Here, we demonstrate that the acquisition of thermochemical data (e.g., real-time determination of PAs or GBs) can provide additional information to confirm unknown identities at a higher level of confidence.
Ion-molecule reactions can be monitored in real time, by using selected ion chromatography (SIC) techniques and analyzing the various SICs for different precursor (reactant CI reagent ion) and product ions. In 1966, Munson and Field introduced chemical ionization as a new analytical technique (34, 35) . Unlike ionization with highly energetic electrons, chemical ionization is a "soft ionization" technique and yields mass spectra with less ion fragmentation (34) (35) (36) (37) . In our laboratory, a multi-dimensional GC-FT-ICR-MS method was developed and its utility was demonstrated using a mixture of ketone and aromatic compounds (38) . Here we demonstrate that proton transfer reactions from protonated reagent ions (e.g., from the self-chemical ionization of ethanol, methanol, isopropanol, acetone, and others) to analyte gasoline molecules can be monitored to provide an additional analytical dimension for sample characterization. The use of chemical ionization (CI) GC-FT-ICR-MS, as demonstrated here, can be used to identify the presence of co-eluting isomers.
Experimental Chemicals and sample preparation
Ethanol (ACS/UPS grade 200 proof) was purchased from Pharmco (Brookfield, CT). Toluene (Certified ACS), acetone (Certified ACS), 2-propanol (Certified ACS), and methanol (HPLC grade) were purchased from Fisher Scientific (Fair Lawn, NJ).
3-Pentanone (98%), o-xylene (98%, HPLC grade), p-xylene (99+%, HPLC grade), m-xylene (99%), and ethylbenzene (99.8%) were purchased from Sigma-Aldrich Chemical Company (Milwaukee, WI). A 250-mL reservoir connected to a pulsed valve containing CI reagents at pressures of ≤ 1 torr was used for chemical ionization experiments. Conventional freeze-pump-thaw cycles were used to degas the reagents prior to admittance to the evacuated 250-mL reservoir. All of the standard chemicals were used without further purification. Regular (87 Research Octane Number) gasoline samples were collected from various retail gas stations in Orono, Maine (in January). Gasoline samples from four different gas stations were collected, and their GC mass spectral "sample-prints" looked similar but distinguishable; in this paper, we present the multiple ion monitoring GC-FT-ICR-MS results from one of these representative samples. Liquid gasoline sample (10 µL) was transferred into a N 2 filled 40 mL EPA vial using a 25 µL syringe. A 10 µL portion of the head space was withdrawn from the 40 mL vial and injected onto the GC column; analytes were post-GC cryofocused before mass spectral analysis.
Instrumentation
An in-house designed 7 T GC-FT-ICR MS equipped with an SRI model 8610C GC system (SRI Instruments, Las Vegas, NV) and a MTX-1 capillary column (Restek Corporation, Bellefonte, PA) was used for our studies. Design and configuration details of this instrument are published elsewhere (38) .
An in-house designed cryofocuser/cold trap was installed between the GC and FT-ICR-MS to improve sensitivity and MRP. The design was based on the work of Jacoby and co-workers (39) . It consisted of a capacitive discharge heating unit (powered by a regulated power supply, model LA 50-03BM-0317, Lambda Electronic Corp., NY) controlled by a Dell computer, liquid N 2 container (a~200-mL Teflon cup), and a cryofocusing element (a piece of~10 cm long and 0.78 mm o.d. Restek GC guard column) where the GC effluent was alternatively cooled/heated. The boiling point of liquid N 2 is~77 K (22) thus organic compounds eluting from the GC were cooled and solidified in the cryofocuser. The boiling point of helium gas is~4 K (22); therefore, helium carrier gas remained in the gas phase and was pumped away to the exhaust system through the rotary pump. The "frozen" organic molecules were flash heated and pulsed into the ICR cell. A 3-way pulsed valve was used to redirect and switch the cryofocuser outlet either to the exhaust or ICR cell for internal ionization.
GC programming/data analysis
The GC oven temperature was initialized at 60°C for 2 min, ramped at 3°C/min to 180°C, and kept at 180°C until the experiment was terminated.
All of the mass spectral data (including GC-FT-ICR MS or other EI and/or CI mass spectra) were acquired at a 16 MHz analog-to digital converter rate. Generally between 128 k to 512 k data points were acquired for MS analyses. Blackman Harris apodization [without any zero fill(s)] was used for all of the data analyses and mass spectra shown here. Although zero filling can enhance peak shapes to better define peak centroids and improve mass measurement accuracy, here, we report our data under no zero filling conditions to reduce computation time required for true online GC-FT-ICR-MS data analysis.
Ionization methods
CI was utilized for the majority of this study. Electron impact ionization was used in the confirmatory analysis of C 7 H 8 standards (see the "Analysis of standard toluene and 1,3,5-cycloheptatriene samples" section) and some gasoline samples. CI reagents were stored in a 250-mL reservoir connected to a pulsed-valve~1 m away from the ICR cell (38) . The pressure inside the reagent reservoir was maintained at ≤ 1 Torr. All CI reagents were introduced into the ICR cell via a pulsed valve using operator defined event sequences similar to previously published work (38, 40) . (42), and protonated ether (43), respectively. These ions were either ethanol EI fragment ions (e.g., m/z 43 and m/z 45) or products of self-chemical ionization (SCI) (e.g., m/z 47 and m/z 75) formed during the reaction delay period (44) . Collisions with the He carrier gas atoms assured thermalization of the CI reagent ions and the ion-molecule reaction products (38) . Although He is not an efficient collisional cooling gas, under our experimental conditions, CI reagent ions experience thousands of cooling collisions with He atoms pulsed into the ICR cell and become thermalized (38) . Moreover, fragment ions corresponding to potential high energy processes were not observed in these experiments. In this experiment, selected reagent ions were used as reference Brönsted acids for proton affinity bracketing. The total ion chromatogram (TIC) for a commercial gasoline sample and sum of all SICs for CI reagents from ethanol SCI reactions are shown in Figure 2 . The corresponding individual chromatograms of the CI reagents from the CI GC-FT-ICR-MS analysis of this gasoline sample are shown as SICs in Figure 3 . The proton affinities of the conjugate bases (PACB) of the reagent ions are listed above the corresponding SICs for all three reagent ions.
Results and Discussion

CI reagents
Mass spectral data were acquired 3 min after the sample injection. As it has been discussed in the introduction, when the analyte molecule has a higher PA than the conjugate base of the CI reagent, the analyte molecule can be protonated, yielding a protonated analyte ion, [A+H] + . As a result of the proton transfer, intensity of certain CI reagent ions' SIC will decrease. It should be noted that for the presented PT reactions, we neglected the entropy contributions. For example, entropy differences between the protonated and parent neutral species for aromatic systems can be significant (38) . In those cases, variable temperature experiments can yield more reliable PA values. For example, the entropy change for a proton transfer reaction between oxygen bases (e.g., ethers, ketones) is generally small, ≤ 2 cal/mol/K (45). However, for proton transfer reactions between an oxygen base and an aromatic base couple, the half reaction entropy change can be large [e.g., for the couple dimethylether/xylene (m, o, or p), ∆S ranges from~3 to~8 cal/mol/K (46)]. Therefore, the T∆S term in ∆G can no longer negligible (1.1-2.9 kcal/mol) under our experimental ICR cell temperature of 360 K. The expression, ∆PA ≈ ∆G can be a poor approximation to use when estimating the proton affinity differences between oxygen base/aromatic base couples. For the present work, qualitative comparisons were sufficient to establish PA bracketing ladders. If the conjugate base of the CI reagent ion has higher PA value (e.g., 4 kcal/mol or more) than the analyte molecule M, no significant proton transfer to the analyte will occur. Therefore, the intensity of CI reagent ions' SIC will be undepleted. Thus, selected ion chromatograms of reagents (e.g., Figure 3 ) can be used to bracket the PAs of eluting analytes. Previously, we used reactant ion monitoring to determine PA values of GC eluting ketone and aromatic standards (38) . Here, we demonstrate the utility of a similar approach for characterizing petroleum refined products and authentic standards. 
CI GC-FT-ICR gasoline analysis
In Figure 2 , the CI GC-FT-ICR-MS TIC of a gasoline sample is shown in the bottom curve. The upper chromatogram represents the sum of all the selected ion chromatograms of the CI reagent ions [i.e., protonated ethanol (m/z 47), protonated acetaldehyde (m/z 45), and protonated ethyl ether (m/z 75)]. In Figure 2 , the top (ESIC of reagent ion) and bottom (TIC of gasoline sample) plots are highly correlated and depletion of the reagent ions (from the top ESIC plot) occur only when there is a PT to a GC eluted compound (or compounds), as seen in the bottom trace. Figure 3 , provides a more detailed analysis of the reagent ion depletions for three reagents with different PA values. In other words, Figure 3 contains the three individual SICs (normalized to 1) of the CI reagent ions. The PA values of acetaldehyde, ethanol, and ethyl ether are 183.7 kcal/mol, 185.6 kcal/mol, and 198.0 kcal/mol, respectively (47) . Table I contains a summary of the selected mass measurement results for the commercial gasoline sample. Columns one through five (in Table I ) contain the m/z values (experimental and theoretical), mass measurement errors (MME) in ppm, assigned elemental compositions, and potential parent molecules corresponding to the major components present in the analyzed sample. In this study we did not attempt to perform an exhaustive analysis of all of the observed compounds. For example, the SIC for m/z 85 (corresponding to C 6 H 13 + ) and m/z 99 (C 7 H 15 + ) show at least nine and ten GC resolved compounds corresponding to various isomers of hexene (out of possible seventeen isomers) and heptene (out of possible thirty six isomers), respectively. Conversely, the SIC for m/z 93 shows only a single GC peak (corresponding to elution of toluene).
Comparing the major components listed in Table I with the MSDS sheet for commercially available gasoline samples shows that a significant deviation exists between the number of components that are regulated and the number of components present in the retail samples analyzed in our study. For example, according to the MSDS data, the "toxic chemicals" that are specifically regulated by the U.S. Environmental Protection Agency (EPA) include benzene, ethylbenzene, n-hexane, MTBE, toluene, 1,2,4-trimethylbenzene, and xylenes. Our chromatograms indicate the presence of over 50 GC resolved species. It should be noted that the use of reagent ions with low acid strengths in our experiments excludes the detection of low PA alkanes. Based on the MSDS data from various commercial sources, alkanes are the bulk constituents in retail gasoline samples. Most of the observed species in our GC-FT-ICR-MS ion chromatograms correspond to protonated alkenes which are presumably minor components in commercially available retail gasoline samples. Table I lists mass measurement accuracies and chemical compositions for the 25 observed major components. Figure 3 shows that at a RT of~600 s the relative abundances of all three CI reagent SICs decrease to zero. This RT corresponds to the elution of methyl t-butyl ether (MTBE) from the GC column. The PA of MTBE is 201.1 kcal/mol (47). This value is higher than the conjugate base PA values of all three CI reagent ions, and, hence, MTBE molecules are protonated by all three CI reagents. Accordingly, as evidenced in SICs included in Figure 3 , all CI reagent ions are depleted during the period when MTBE neutral molecules are introduced into the ICR cell. Figure 4 shows the observed mass spectrum at RT~600 s, assigned to MTBE. Table II includes the experimental and theoretical m/z values, assigned elemental compositions, MME in ppm, and the potential identities of the major components appearing in the mass spectrum at RT~600 s. All mass measurement errors were within 5 ppm, and thus the chemical compositions listed in the 5th column of at m/z = 89.0958) and mass spectral pattern, and the PA data obtained from CI reagent depletions were used to make the confident assignment of MTBE to the analyte at RT~600 s. A similar approach was used for all other major components present in the gasoline sample.
Methyl t-butyl ether or 2-methoxy-2-methyl-propane
Isomers of C 7 H 8
In Figure 3 , a box was placed around the reagent depletions corresponding to RT~1320 s. From the accurate mass measurement, the chemical composition of the analyte(s) eluting at RT 1320 s can be confidently assigned as C 7 H 8 . However, in the following section we demonstrate that our thermochemical data provides further clues about the identities of the presumed C 7 H 8 species. Specifically, ion-molecule reactions show that the GC peak at RT~1320 s is composed of more than one structural isomer of this chemical formula.
Toluene is one of the most prevalent components in retail gasoline products. As a result, the analyte at RT~1320 s was initially assigned to toluene alone. Upon closer examination, additional information was obtained. In Figure 3 , depletions of all three reagent ions at the GC RT of~1320 s, demonstrate that the analyte eluting at this RT has a higher PA value than all three CI reagents. However, the PA value of toluene from the literature is 187.4 kcal/mol (47) . Hence, proton transfer from protonated ethyl ether to toluene is unlikely. These results suggest that the PA value of an analyte contained in this peak (co-eluting with toluene) is higher than 198.0 kcal/mol. Considering the available thermochemical data in the literature, 1,3,5-cycloheptatriene (CHT), with a PA of 833 ± 4 kJ/mol (e.g.,~200 kcal/mol) (48), can be considered as a plausible co-eluting C 7 H 8 isomer at~1320 s. In the next section, we discuss the investigation of authentic toluene and CHT samples utilized to rule out this possibility.
Analysis of standard toluene and 1,3,5-cycloheptatriene samples
Both mixtures and individual samples of authentic toluene and CHT were analyzed to affirm or reject the hypothesis that a co-eluting analyte at RT~1320 s was CHT. Specifically, electron impact GC-FT-ICR experiments were performed to confirm the RT of toluene and CHT. Under the identical GC conditions used for the analysis of the gasoline sample, toluene and CHT did not co-elute. Specifically, the RT of toluene was indeed confirmed as 1320 s, but the RT of CHT was~1460 s. Therefore, CHT was rejected as a co-eluting C 7 H 8 isomer of toluene.
Although CHT was eliminated based on its RT, CI experiments of standard toluene and CHT were performed to confirm that the peak at~1320 s was a composite of toluene and at least one more component with a higher proton affinity. The CI reagents used for the gasoline sample (viz. protonated ethanol, protonated acetaldehyde, and protonated ethyl ether) were used to analyze the standard C 7 H 8 compounds. Representative results from these experiments are shown in Figures 5 and 6 (under different GC experimental conditions). However, we performed multiple experiments under varied experimental conditions to confirm our findings. To ensure reproducibility, CI GC-FT-ICR chromatograms were obtained by injecting six portions of headspace at 2 min intervals in a 25 min long experiment. For the sake of clarity, only one set of analyte/reagent peaks is displayed for toluene and CHT. Figure 5 contains SICs for protonated toluene, ethanol, acetaldehyde, and ethyl ether. Figure 5 shows that toluene depletes protonated acetaldehyde and protonated ethanol, but not protonated ethyl ether. These results are in agreement with the experimental PA of toluene [viz., 187.4 kcal/mol (47)]. Figure  6 contains SICs for protonated CHT and the same CI reagents shown in Figure 5 . It is shown that although toluene does not deplete protonated ethyl ether, CHT (with a PA of 200 kcal/mol) does deplete this reagent. In the commercial gasoline sample, protonated ethyl ether was depleted at RT~1320 s (see Figure 3) . Thus, the analyses of standard toluene and CHT confirm that the peak at RT~1320 s in the commercial gasoline sample contains both toluene and one or more co-eluting analyte(s) with a higher PA than that of ethyl ether (viz. 198.0 kcal/mol). Based on the RT, CHT can be ruled out as the other isomer. Possible structures for C 7 H 9 + species were discussed in an earlier publication (44) , and it is not convenient to determine the RT for all potential species [e.g., 2,5-norbornadiene, 6-methylfulvene, 3-methylene1, 4 Cyclohexadiene, spiro (2,4) hepta-4, 6-diene, bicyclo (3.2.0) hepta-2, 6-diene, 1, 6-heptadiyne, cyclopropane, 1-ethynyl-1-ethenyl, etc.]. However, we are currently using ab initio calcula- tions to search for potential C7H8 isomers that have high PA values that could deplete the protonated ethyl ether reagent ions.
In the "GC-FT-ICR-CI-MS of Standard C 8 H 10 Samples" Section, results of additional CI MS experiments with authentic toluene and different reagents are discussed. It is shown that there is no proton transfer reaction between toluene and acetone. Hence, it is further affirmed that the analyzed "real world" gasoline sample contains other isomer(s) of C 7 H 8 that co-elute with toluene under our GC conditions.
Isomers of C 8 H 10 /C 2 -Ar
The top three plots in Figure 7 correspond to the SICs of the CI reagent ions (similar to Figure 3) . However, the bottom plot shows the SIC for protonated C 2 -Ar (m/z = 107 amu). The 3 peaks at RTs 1700 s, 1740 s, 1840 s (labeled A, B, and C, respectively) show that there are at least 3 components of chemical composition C 8 H 10 , based on accurate mass measurement (see Table I ). Here, C 2 -Ar or C 2 -aromatic is used to denote molecules (C 8 H 10 ) that contain one aromatic ring with two attached carbon groups (C 2 ) at various possible positions and/or configurations. This confident chemical formula information and the PA bracketing discussed below were used to assign the peaks A, B, and C to ethylbenzene, m-xylene, and o-/p-xylene, respectively. As expected, GC separation pattern or co-elution order of the C 8 H 10 /C 2 -Ar set of isomers depends on the type of stationary phase used. Figure 7 shows that at RT~1700 s, the intensities of the SICs of protonated acetaldehyde and protonated ethanol (with PAs of the conjugate bases being 183.7 kcal/mol and 185.6 kcal/mol, respectively) decrease. Conversely, at the same RT~1700 s, the other SIC corresponding to protonated ether (with a PA of the conjugate base of 198.0 kcal/mol) remains undepleted. Therefore, data in Figure 7 demonstrates that the PA of the GC eluted analyte at 1700 s is higher than 185.6 kcal/mol but lower than 198 kcal/mol. The PA value of ethylbenzene is 188.3 kcal/mol (47) . Hence, the observed GC peak at 1700 s is consistent with ethylbenzene.
At a RT of~1740 s, the intensities of the SICs of protonated acetaldehyde and protonated ethanol are diminished, while intensities of the other SIC (protonated ether) is slightly depleted. Therefore, the PA value of this analyte is higher than 185.6 kcal/mol, and much closer to 198 kcal/mol than ethylbenzene. The PA value of m-xylene is 194.1 kcal/mol (47) . Thus, again, by PA bracketing, the GC peak at 1740 s can be assigned as to m-xylene based on the aforesaid observation. It should be noted that the proton transfer reaction efficiency for this system is less than unity (38) .
The mass spectral pattern of the GC peak at 1840 s is quite similar to the mass spectral pattern for GC effluent of 1700 s. In Figure 7 , the changes in the SICs at the GC RT of 1840 s demonstrate that the PA value of this GC effluent was higher than 185 kcal/mol but was not close to 198 kcal/mol (i.e., no depletion is observed in the SIC of protonated ether). The PA values of oxylene and p-xylene (e.g., 190.2 kcal/mol and 189.9 kcal/mol) both agree with these experimental results. This GC peak could be one of these two C 2 -Ar isomers (e.g., just o-xylene or p-xylene) or their mixture. It is worth noting that MS-MS experiments on GC eluting species could potentially provide complementary and useful information on analytes that have different fragmentation patterns. However, in FT-ICR-MS, a prior knowledge about the molecular size (i.e., ICR frequency) is required to perform controlled collision activated dissociation experiments. However, prior knowledge about the molecular weight is not required to perform ion-molecule reactions. Hence and alternatively, a series of reagent ions with smaller PA differences could be used to further improve the resolution in this type of analysis. Such an improvement was implemented, and the results are discussed in the following section.
GC-FT-ICR-CI-MS of standard C 8 H 10 samples
A mixture of standard samples (e.g., 3-pentanone, toluene, ethylbenzene, and each of the three xylene isomers) was analyzed using CI GC-FT-ICR MS in order to both validate our method and further confirm the results discussed for the authentic gasoline sample (i.e., see "Isomers of C 7 H 8 " and "Isomers of C 8 H 10 /C 2 -Ar") These standard experiments were performed under identical experimental conditions (e.g., GC temperature programming, GC head pressure, etc.) as the CI MS analyses of gasoline samples (as described earlier). In these experiments, a 0.2 µL liquid from each of the 6 chemicals was transferred into an N 2 filled 40 mL EPA vial. A 5 µL portion of head space was withdrawn from this 40 mL vial and then injected onto the GC for GC-MS analysis.
The CI reagents used for these standard analyses were (49) . In preparing the reagent sample mixture, low concentrations of methanol were used in the sample reservoir to reduce/eliminate the formation of the protonated dimethyl ether. In Figure 8 , the top four chromatograms correspond to the protonated CI reagents: acetone, isopropanol, ethanol, and methanol. The peaks in the bottom chromatogram correspond to the elution of 3-pentanone, toluene, ethylbenzene, and mxylene (from lowest to highest RT), with PA values of 200.0 kcal/mol, 187.4 kcal/mol, 188.3 kcal/mol, and 194.0 kcal/mol, respectively (47) . The peak labeled as o/p-xylene contains a mixture of co-eluting o-xylene (PA = 190.2 kcal/mol) and p-xylene (PA = 189.9 kcal/mol) isomers (22) .
The PA of 3-pentanone is higher than the conjugate bases of all the CI reagent ions. As expected, intensities of the reagent SICs are depleted during the elution of 3-pentanone.
The PA of toluene is~7 kcal/mol lower than acetone but higher than the other three CI reagents. Accordingly, Figure 8 shows that proton transfers occur from protonated methanol, ethanol, and isopropanol to neutral toluene. However, protonated acetone is not depleted during the elution of toluene. Hence, these results provide further support for the arguments discussed in the earlier sections (viz. "CI GC-FT-ICR gasoline analysis" and "Analysis of standard toluene and 1,3,5-cycloheptatriene samples") addressing the PA measurements of the peak at RT~1320 s in the commercial gasoline sample (i.e., the impurity of C 7 H 8 species and isomer differentiation). Figure 8 also shows that the GC peak for ethylbenzene has corresponding depletions in all the CI reagents except acetone. Although the PA of ethylbenzene is 188.3 kcal/mol, it does deplete protonated isopropanol (PACB of 189.5 kcal/mol). It is important to note that proton transfer at a reduced reaction rate will occur between a reagent ion and a neutral analyte even when the analyte has a lower proton affinity. For example, in the absence of proton transfer barriers, for a PA difference of~5 kcal/mol the reaction efficiency can be reduced to~8 × 10 -4 at room temperature (50).
The fifth major GC peak in Figure 8 (RT >1800 s) is a mixture of o-, and p-xylenes. It has been noted that these two isomers are difficult to separate by one dimensional GC (51); using our GC column and changing the GC temperature programming and/or head pressure did not allow complete separation of these two species. The co-elution of o-and p-xylene under our experimental conditions limits the bracketing of their PA values.
Conclusions
GC-FT-ICR-MS is a powerful analytical technique and offers unparalleled mass measurement accuracy for analyzing complex mixtures. Molecular fingerprinting and unknown identification at a high level of confidence are possible by combining unique advantages of FT-ICR-MS (e.g., ion-molecule reaction kinetics). Accurate mass measurement of unknown analytes at low concentrations is feasible with CI GC-FT-ICR. Moreover, this approach provides additional dimensions of analysis, such as multiple PA measurements, that yield higher analytical resolution for accurate "sample printing". Combination of the high mass resolving power and accurate determination of thermochemical properties by CI GC-FT-ICR-MS provides unique opportunities for characterization of complex samples. Simultaneous determination of thermochemical properties using both CI GC-FT-ICR-MS experimental approaches and ab initio theoretical calculations should permit identification of unknown species that are not present in the current commercial libraries. 
